The kdsB gene from Escherichia coli K-12, which encodes CTP:CMP-3-deoxy-manno-octulosonate cytidylyltransferase (CMP-KDO synthetase), was cloned into pBR322 as an 8-kilobase PstI fragment. Selection of this cloned segment was facilitated by using Salmonella typhimurium SL5283, which is deficient in three restriction enzyme systems and thus allows efficient cloning of E. coli DNA in S. typhimurium TnJO insertions was made in S. typhimurium TS736 using X561 (b221 cl857::TnJO Oam29 Pam80) grown on E. coli C600. S. typhimurium TS736 absorbs A efficiently when grown in LB containing maltose (0.1%, wt/vol), due to the presence of the intact E. coli malB region on F'112 (13). Phage P22 int HT105 was used for transduction of DNA between S. typhimurium strains (4). Strains which were galE were grown in LB containing 100 ,uM galactose when used with phage P22; this addition allowed expression of 0-antigen, which is the receptor for phage P22.
Lipopolysaccharide is a major component of the outer membrane of gram-negative bacteria and consists of three distinct chemical structures, i.e., lipid A, core oligosaccharide, and 0-antigen. Recent investigations of the structure of the lipid A region show that the 0-1,6-linked glucosamine disaccharide is substituted with amide-linked hydroxymyristoyl groups, 3 and 3' acyl groups (also hydroxymyristoyl), and one molecule each of 12:0 and 14:0 fatty acid and that the 6' carbon is the linkage site for 3-deoxy-D-manno-octulosonate (KDO; for review, see reference 22) .
KDO residues serve as the link between lipid A and core oligosaccharide and play an important role in the synthesis and assembly of lipopolysaccharide. KDO (10, 14) and KDO-8-phosphate phosphatase (15) , respectively (18) . Before incorporation to lipid A precursor, KDO is activated to CMP-KDO by reaction (iii), CTP + KDO -+ CMP-KDO + PP, (16) , and subsequently donated to lipid A precursor in reaction (iv), CMP-KDO + lipid A precursor--CMP + lipid A precursor-KDO (11) . Reactions (iii) and (iv) are catalyzed by CMP-KDO synthetase (5) and CMP-KDO transferase(s), respectively (18) . Failure to add KDO to lipid A precursor results in production of underacylated lipid A which is incapable of rapid translocation to the outer membrane, leading to its accumulation in the inner membrane and subsequent growth stasis (19) (20) (21) . Thus temperature-sensitive mutations in KDO-8-phosphate synthetase (kdsA; [19] [20] [21] or CMP-KDO synthetase (kdsB; M. J. Osborn, personal communication), mapping at 35 to 37 min and 15 to 17 CMP-KDO synthetase is an essential gene product which may catalyze the rate-limiting step in KDO incorporation into lipopolysaccharide (18) . However, detailed studies of the reaction mechanism of CMP-KDO synthetase and the manner of control of KDO synthesis and utilization are considerably limited by the low levels of enzyme normally found in crude extracts of gram-negative bacteria (16) (17) (18) TnJO insertions was made in S. typhimurium TS736 using X561 (b221 cl857::TnJO Oam29 Pam80) grown on E. coli C600. S. typhimurium TS736 absorbs A efficiently when grown in LB containing maltose (0.1%, wt/vol), due to the presence of the intact E. coli malB region on F'112 (13) . Phage P22 int HT105 was used for transduction of DNA between S. typhimurium strains (4) . Strains which were galE were grown in LB containing 100 ,uM galactose when used with phage P22; this addition allowed expression of 0-antigen, which is the receptor for phage P22. Isolation of DNA. Chromosomal DNA from E. coli was isolated as described previously (3) . Small-scale preparation of plasmid DNA was as described previously (8) . Largescale preparation of plasmid DNA was performed after alkaline lysis of the cells (4 (4) .
Agarose gel electrophoresis. Gel electrophoresis of DNA was performed in agarose gels using Tris-borate-EDTA buffer, followed by staining with ethidium bromide (4) .
Enzyme assays. Cells from 250-ml cultures were harvested during mid-logarithmic growth, washed with 0.01 M HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-NaOH buffer (pH 7.4), and frozen at -80°C until used. Cells were thawed, suspended in 4 ml of 0.05 M KH2PO4 (pH 7.5 with KOH), and lysed by two passages through a French press at 16,000 lb/in2, and the soluble fraction was recovered after centrifugation at 30,000 x g for 30 min. This fraction was passed over a column of Sephadex G-25 (PD-10 columns; Pharmacia Fine Chemicals, Inc., Piscataway, N.J.) equilibrated with 0.05 M KH2PO4 (pH 7.5), and material in the void volume was used to assay for enzyme activity (see below). Protein was estimated by a modification of the Lowry procedure (6) after quantitative precipitation to remove interfering materials (1).
Enzyme assays were performed in a final volume of 250 Fjl containing 100 mM glycine (pH 9.3), 5 mM CTP, 5 mM MgCl2, and 2 mM KDO. Reactions were initiated by the addition of 1 to 50 ,ul of enzyme source and run at 30°C for 10 min. Reactions were quenched by the addition of 500 ,ul of ice-cold ethanol, and the CMP-KDO levels present were quantitated by a modification of the thiobarbituric acid assay (16) .
Purification of CMP-KDO synthetase. E. coli HB101 (pRG-1) was grown at 37°C in 10-liter batches in LB broth with 10 ,ug of tetracycline per ml to an optical density at 600 nm of 2.0, Cells were then harvested by ultrafiltration and centrifuged, and the pellets were stored at -70°C until used. The final yield from 50 liters of culture was approximately 100 g wet weight.
The procedure used here to isolate CMP-KDO synthetase is based largely on that described by Ray et al. (16, 17) . However, with the enhanced production of enzyme and changes in the isolation procedure, the Sephadex gel filtration, isoelectric focusing, and gel electrophoresis steps of the original procedure (16, 17) were omitted. A crude extract was generated from cells by lysis, protamine sulfate treatment, ammonium sulfate treatment, and dialysis at pH 5 as previously described (16) . The first ion-exchange step was done on a DEAE-Sepharose column (2.2 by 25 cm) with the prescribed phosphate gradient (17) . Active fractions were combined, concentrated by ultrafiltration using YM10 membranes (Amicon Corp., Lexington, Mass.), and applied to a column (2.2 by 10 cm) of DEAE-Fractogel. The column was developed with a 2-liter 0.1 to 0.25 M potassium phosphate gradient containing 10% acetonitrile. The active fractions were combined, immediately dialyzed against 10 mM potassium phosphate (pH 7.5), concentrated as described above, and run through a hydroxylapatite column (1 by 7 cm; Bio-Rad Laboratories, Richmond, Calif.) equilibrated in the same buffer.
Selection of tetracycline-sensitive variants. Tetracyclinesensitive variants were selected on Bochner medium as described elsewhere (4) .
Analysis of plasmid-coded proteins by coupled in vitro transcription-translation. Protein coded by plasmid DNA was analyzed by polyacrylamide gel electrophoresis in sodium dodecyl sulfate after coupled transcription-translation with Amersham kit no. 380 according to the instructions of the manufacturer. [35S]methionine was from New England Nuclear Corp., Boston, Mass. (NEG 009-I). Dried gels were exposed to X-ray film (Kodak XAR-5) at room temperature.
Gel electrophoresis of protein. Protein was separated by gel electrophoresis in polyacryamide gels by the method of Laemmli (9) . Molecular weight markers were from Sigma Chemical Co., St. Louis, Mo. and spread on LB agar containing tetracycline (about 2 x 108 cells per plate). Plates were incubated at 30°C until pinpoint colonies were observed and then shifted to 42°C for 24 h. Large tetracycline-and temperature-resistant colonies were picked for further study. Approximately 30,000 tetracyclineresistant transformants were plated, and 30% of these transformants were ampicillin sensitive. Since insertion at the PstI site of pBR322 usually inactivates the ,-lactamase gene, about one-third of the tetracycline-resistant transformants had inserts. Two tetracycline-and temperature-resistant, ampicillin-sensitive isolates were further characterized.
RESULTS
These two isolates (with putative inserts of CMP-KDO synthetase into pBR322) contained plasmids of about 12 kb (Fig. 1) ; both plasmids were purified and used to transform RG103 to tetracycline resistance. All tetracycline-resistant transformants were also temperature resistant. Plasmids were also transferred by transduction with P22 int HT105, and again, all tetracycline-resistant transducts were temperature resistant. In contrast, when these same phage lysates were used to transduce a strain containing a temperature-sensitive lesion (kdsA) in KDO-8-phosphate synthetase (this lesion maps at about 10 min from kdsB), all tetracyclineresistant transductants remained temperature sensitive. Furthermore, when P22 phage grown on the putative clones was used to transduce strain RG103 to temperature resistance, all transductants were tetracycline resistant; in contrast, transduction of the kdsA strain, selecting for temperature resistance, yielded only temperature-resistant, tetracyclinesensitive transductants, as expected for transduction of the chromosomal kdsA+ gene from the donor.
These data are consistent only with the conclusion that the two plasmids, now designated pRG-1 and pRG-25, both contain DNA expressing a functional, temperature-resistant enzyme for CMP-KDO synthetase. E. coli HB101 was transformed with both plasmids for further analysis, since strain SL5283 contains two large cryptic plasmids (7, 23) which would interfere with restriction enzyme analysis (Fig.  1) . Plasmids prepared from HB101 transformed RG103 to tetracycline and temperature resistance as a single event. Both plasmids pRG-1 and pRG-25 contained an 8-kb PstI insert (Fig. 2) into vector pBR322. Further restriction enzyme analysis yielded the partial restriction map given in Fig. 3 . pRG-1 was identical to pRG-25 except for the presence of an extra PstI site (Fig. 3) .
In vitro transcription-translation of plasmid DNA. Plasmid DNA was added to a coupled transcription-translation system to identify polypeptides coded by insert DNA. Both pRG-1 and pRG-25 code for a polypeptide that comigrates with CMP-KDO synthetase during gel electrophoresis (Fig.  4) ; in addition, polypeptides of 60,000 and 15,000 daltons were uniquely and reproducibly synthesized. A major difference between pRG-1 and pRG-25 was the size of the polypeptide synthesized from the ampicillin promoter. Control plasmid pBR322 synthesized a major polypeptide of about 32,000 daltons (Fig. 4, lane C) (Table 3) ; the cause of this loss is currently being investigated. However, it is still possible to isolate 15 to 20 mg of electrophoretically pure CMP-KDO synthetase from 100 g of E. coli containing pRG-1 compared with 1 mg or less of enzyme isolated from 500 g of E. coli B. Considerable variation from lot to lot in the ability of hydroxylapatite to remove contaminating protein was observed, and specific lots were routinely used. Further refinements in this procedure, as well as the results of current studies assessing the potential of high-pressure liquid ion-exchange chromatography, will be reported elsewhere (W. Kohlbrenner, in preparation).
The compositions of fractions obtained during purification were characterized by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Fig. 5) . CMP-KDO synthetase constitutes approximately 1% of the total protein in crude extracts from strain HB101 containing pRG-1, and after protamine sulfate treatment (Fig. 5, lane B) , dialysis at pH 5 (Fig. 5, lane C) , and DEAE-Sepharose chromatography (Fig.  5, lane D) , CMP-KDO synthetase constitutes the major peptide band. No distinctive band corresponds to CMP-KDO synthetase in extracts from cells which lacked pRG-1 after DEAE-Sepharose chromatography (not shown). A homogeneous preparation of enzyme is obtained after a final hydroxylapatite step (Fig. 5, lane F) . Comparison with the mobilities of standards suggests that the CMP-KDO synthetase is approximately 32,000 daltons, somewhat lower than the 36,000 to 40,000 daltons originally reported (16, 17) . The enzyme purified from E. coli B has an electrophoretic mobility identical to that of the plasmid-derived CMP-KDO synthetase shown in Fig. 5 (data not shown) . We have noted variations in the relative migration of CMP-KDO synthetase depending on the exact conditions of electrophoresis (see below).
The kinetic characteristics of the CMP-KDO synthetase isolated from strain HB101 containing pRG-1 were similar to those obtained by Ray et al. (16, 17) and by us for enzyme from E. coli B. The apparent KYm values for KDO and CTP were 300 and 170 ,uM, respectively, which compare favorably with values for the enzyme isolated from E. coli B (16) . However, the specific activity listed in Table 3 for the purified enzyme is twofold greater than that previously observed (17) . Preliminary sequencing data indicate that the plasmid-derived enzyme of E. coli K-12 has an amino- terminal sequence identical to that of the enzyme from E. coli B (W. Kohlbrenner and J. Meuth, unpublished data).
DISCUSSION
The E. coli K-12 gene coding for CMP-KDO synthetase has been cloned on an 8-kb PstI fragment inserted into pBR322. Two plasmids, pRG-1 and pRG-25, were selected for their ability to complement a temperature-sensitive mutation in the gene for CMP-KDO synthetase (kdsB) and were found to overproduce CMP-KDO synthetase 20-to 40-fold depending on strain and growth conditions. In addition, both plasmids contained inserts which coded for synthesis of a protein of identical size with CMP-KDO synthetase when tested in a coupled transcription-translation system and at least two other proteins with molecular weights of 60,000 and 15,000. pRG-1 differed from pRG-25 by the presence of an internal PstI site located at the insert end nearest the pBR322 ampicillin promoter, This additional PstI fragment apparently precludes transcription into insert DNA from the pBR322 ampicillirn promoter or translation of a fusion transcript, yielding a polypeptide of about 20,000 daltons, which is equivalent to the ampicillin proinoter-PstI junction distance. In contrast, pRG-25, which lacks the internal PstI site in insert DNA, yields a fusion polypeptide of about 31,000 daltons, which is equivalent to the distance between the ampicillin promoter and the first BamHI site in the insert.
Levels of CMP-KDO synthetase activity were enhanced up to 40-fold in crude extracts of E. coli HB101 containing pRG-1. Enhanced enzyme production and a simplified purification scheme allowed rapid purification of pure enzyme. Based on electrophoretic mobility, preliminary kinetic characterization, and N-terminal amino acid sequence, the plasmid-derived enzyme appeared ideritical to the enzyme of chromosomal origin. However, in our hands, the CMP-KDO synthetase displayed a lower molecular weight than was originally reported (17) . This difference may be due largely to a difference in electrophoresis buffer systems. The actual molecular weight as determined by gene sequencing (preliminary results) is 27,488. The higher specific activity we observed with the purified CMP-KDO synthetase compared with activity previously reported (17) may result from a considerably shortened isolation procedure which does not involve isoelectric focusing or preparative gel electrophoresis.
Localized mutagenesis of the chromosome region adjacent to kdsA and kdsB in S. typhimurium has yielded several closely linked temnperature-sensitive mutations in essential genes which are nonremedial by rich medium (R. Goldman and E. Devine, unpublished data). Several of these mutations near kdsB are cured by the introduction of pRG-1, and preliminary data indicate the existence of one or more operons affecting lipid A-KDO biosynthesis.
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